Introduction
Much attention has been paid to perovskite-type oxides in the field of material science due to their functional properties. In contrast, though lithium niobate-type structure is much related to perovsiktetype one, studies on functional lithium niobate-type oxides have been limited because there are only two lithium niobate-type oxides which are synthesized under ambient pressure, LiNbO 3 and LiTaO 3 . On the other hand, in the field of earth science, lithium niobate phase is considered to be unquenchable high pressure perovskite-phase, and several lithium niobate phases have been reported as meta-stable quenched phases [1] . To date, lithium niobate-type oxides such as MnMO 3 (M =Ti [2] [3] [4] [5] , Sn [6, 7] ), FeMO 3 (M =Ti [3, [7] [8] [9] , Ge [10] ), MgMO 3 (M =Ti [11] ,Ge [3, 12, 13] ), ZnGeO 3 [13, 14] , garnet [15] and CuTaO 3 [16] have been stabilized by high-pressure and high-temperature heat treatment. Among them, Syono et al. [2. 6] and Sleight et al. [16] have first paid attention to functional properties of lithium niobate-type oxides. Following them, it is anticipated that many functional lithium niobate-type oxides will be synthesized under high-pressure. Recently, we found that lithium niobate-type ZnSnO 3 can be synthesized under high-pressure, which is a polar oxide with a non-cetrosymmetric space group R3c [17] . The knowledge in earth science indicates that the search for candidate perovskite phases is useful for candidate lithium niobate phases. It is therefore vital to predict the stability of perovskite and/or lithium niobate phase in search for novel functional compounds.
In this paper, we report the high-pressure synthesis of novel lithium niobate-type oxides, CdPbO 3 and PbNiO 3 together with ZnSnO 3 , and discuss the predominant factors to determine the stability of lithium niobate and perovskite phases.
Experimental procedure
Polycrystalline samples were synthesized by a solid-state reaction under high pressure at elevated temperature. The mixture of starting materials was sealed in a gold capsule (0.2 mm in thickness, 3 mm in inner diameter, and 3 mm in depth). A pyrophyllite cube block (13 mm in side length) was used as a pressure medium. A cylindrical graphite heater was placed in the cube block. The capsule put in 3 Kudo et al. [19] and Yamamoto et al. [20] have reported that a perovskite phase of CdPbO 3 was synthesized under 7.5 GPa at 700 C for 30 min and 5 -6.5 GPa, respectively. In our experiments, observed phases in CdPbO 3 quenched sample depend on heating temperature. Figure 1 shows the Xray diffraction patterns for CdPbO 3 synthesized under a pressure of 7 GPa at various heating temperature for 30 min. As seen in Figure 1 , a perovskite phase is a main one at the heating temperature of 750 C the same as Kudo et al. [19] and Yamamoto et al. [20] have reported. However, perovskite and lithium niobate phases coexist at 750 -1000 C, and a lithium niobate-type phase is a main one at 1200 and 1300 C. This may be due to the difference in pressure release related to the shrinkage of volume when the temperature decreases. On the other hand, though quenched PbNiO 3 first exhibited orthorhombic perovskite structure, the structure easily changes from perovskite to lithium niobate-type one by a heat treatment at 400 -500 K under ambient pressure. According to the bond valence sum estimated using the inter-atomic distances, the valences of Pb and Ni are +4 and +2, respectively. This is supported by the fact that Ishiwata et al. [21] have found the valence pair +4-+2 for A-B in a perovskite (Bi 0.8 Pb 0.2 )NiO 3 . Figure 2 shows the X-ray diffraction patterns for lithium niobate-type ZnSnO 3 , CdPbO 3 , and PbNiO 3 . All the lithium niobate-type compounds possess hexagonal structure with the noncentrosymmetric space group R3c. The lattice parameters of ZnSnO 3 , PbNiO 3 , and CdPbO 3 are listed in Table 2 . As seen in Table 2 , the lattice volume of perovskite phase is smaller than that of lithium niobate-type phase. This implies that perovskite phases are the high-pressure phases of lithium niobate. Both of lithium niobate-type CdPbO 3 and PbNiO 3 then exhibit semiconducting behavior with small temperature dependence, and PbNiO 3 exhibits the anti-ferromagnetic anomaly in the vicinity of 205 K. The detailed structures, physical properties and their relationship will be reported elsewhere. Figure 2 . X-ray diffraction patterns for lithium niobate-type ZnSnO 3 , PbNiO 3 , and CdPbO 3 . For PbNiO 3 , the sample was washed with 1 M acetic acid to remove lead-based impurities and then heated at 500 K for 1h. Figure 3 shows Goldschmit diagram for selected compounds [1, 7] . Here, "A" is the cation radius in six-fold coordination, "B" is the cation radius in six-fold coordination. 2+ and Ni 2+ ions based on CF effects is attributed to the stability of ilmenite with six-fold coordination or the decomposition into NaCl-type MO with six-fold coordination and -PbO 2 -related denser dioxides [3] . On the other hand, the occurrence of perovskite or lithium niobate phase in MnMO 3 seem to be due to zero octahedral CFSE, indicating that Mn 2+ ion exhibits no site-preference and flexibility to place in various coordinated sites. Furthermore, in PbNiO 3 the valence pair of Pb and Ni is +4 -+2 and Ni 2+ ion is placed in octahedral site. This is attributed to the strong octahedral CFSE of Ni 2+ ions. Goldschmit diagram for selected compounds [1, 7] . "A" is the cation radius in six-fold coordination, "B" is the cation radius in six-fold coordination. Dotted lines are contours of the perovskite tolerance factor, which is calculated from the ionic radii in six-fold coordination. Filled squares: perovskite-forming compounds. Blue filled circles: lithium niobate quenched products. Green triangle: ilmenite compounds. 
Summary
Two novel lithium niobate-type oxides, CdPbO 3 and PbNiO 3 were synthesized by high-pressure and high temperature heat treatment as metastable low-pressure perovskite-type phases. In contrast, in ZnSnO 3 , the perovskite phase has not been observed. The confirmation of perovkite phase by in-situ X-ray diffraction experiment under high-pressure will be a future work. The tolerance factor of perovskite is not only predominant one to determine the stability of perovskite/lithium niobate phase and the octahedral crystal filed stabilization energy of 3d transition metal ions should be also taken into account. The ABO 3 compounds with Ni 2+ or Co 2+ ion in the octahedral B-ion site are candidate perovskite or lithium niobate ones
